We have evaluated the diffusion length of minority carriers ͑holes͒ in single-crystalline n-type ␤-FeSi 2 bulk grown by chemical vapor transport by means of electron-beam-induced current ͑EBIC͒ technique in the edge-scan configuration. The EBIC line-scan data showed a clear exponential dependence of distance from the Al electrode. The diffusion length was estimated to be 20 m at room temperature, and increased upon high-temperature annealing, reaching approximately 30 m after annealing at 800°C for 8 h. This result explained the improvement of photoresponsivity in the Al/ n-␤-FeSi 2 Schottky diodes by high-temperature annealing.
Semiconducting iron disilicide ͑␤-FeSi 2 ͒ has a band gap of approximately 0.78 eV, 1 and a very large optical absorption coefficient of over 10 5 cm −1 at 1 eV. 2 Thus, ␤-FeSi 2 has been attracting attention recently as a material for Si-based optoelectronic devices operating at wavelengths used for optical fiber communication. ␤-FeSi 2 is also considered to be an environmentally friendly semiconductor since both Si and Fe are nontoxic and occur abundantly in the earth's crust. Over the several years, there have been numerous attractive reports on the light-emitting diodes using ␤-FeSi 2 .
3-9 In contrast, there have been a limited number of reports on photodetectors using ␤-FeSi 2 . [10] [11] [12] [13] [14] In particular, there have been only a few reports so far discussing the photoresponsivity of ␤-FeSi 2 . The highest photoresponsivity ever is approximately 0.1 mA/ W at 1.60 m.
12 This small photoresponsivity is considered be due to defects at the grain boundaries of ␤-FeSi 2 films. Most photoresponse experiments on ␤-FeSi 2 have so far involved ␤-FeSi 2 / Si heterostructures using ␤-FeSi 2 continuous films formed on Si since ␤-FeSi 2 can be grown epitaxially on Si substrates. However, due to the small difference between the constants b and c of ␤-FeSi 2 , ␤-FeSi 2 tends to form a few kinds of epitaxial variants on both Si͑001͒ and Si͑111͒. 15 Thus, the ␤-FeSi 2 grain size is not large enough compared to the spot size of the light used in optical measurements. Furthermore, we cannot rule out the photoexcited carriers originating from Fe-related deep levels in Si in the case of ␤-FeSi 2 film/Si, [12] [13] [14] making it difficult to understand the intrinsic photoresponse properties of ␤-FeSi 2 . One way to avoid these problems is to measure the photoresponsivity in ␤-FeSi 2 single crystals. In our previous paper, we have fabricated an Al/ n-␤-FeSi 2 Schottky diode structure using ␤-FeSi 2 single crystals grown by chemical vapor transport ͑CVT͒, and reported an enhanced photoresponsivity in ␤-FeSi 2 . 16 The photoresponsivity reached 22 mA/ W at 1.31 m for as-grown sample, and increased up to 58 mA/ W upon annealing at 800°C for 8 h. These values are more than two orders of magnitude larger than the highest value ever reported. However, the mechanism of this improvement in photoresponsivity has not yet been made clear. Electron-beam-induced current ͑EBIC͒ technique is considered to be one of the most powerful methods for investigating the electrical studies of various semiconductor materials. 17 In this letter, we have evaluated a minoritycarrier diffusion length of ␤-FeSi 2 single crystals for the first time using a simple Al/ n-␤-FeSi 2 Schottky diode by EBIC technique. The obtained diffusion length was unexpectedly very large, being approximately as large as 20-30 m. The effect of high-temperature annealing on photoresponsivity and diffusion length was also discussed.
An Al/ n-type ␤-FeSi 2 Schottky junction was formed as follows. First, ␤-FeSi 2 single crystals were grown by the CVT method using I 2 as a transport agent. ␤-FeSi 2 used in this study showed n-type conductivity. The detailed procedure was described in our previous paper. 16 Then, the grown-up crystals were annealed at 800°C for 8 h in vacuum ͑Ͻ2 ϫ 10 −4 Pa͒, and they were dipped in a 5% HF solution for more than 2 min to remove the surface damaged layers. The front surface contact was formed with 1 wt % Si Al wires by the ultrasonic wedge bonding machine, and the back surface contact was formed with In solder. The photoresponse properties were measured at RT using a white halogen lamp and a single monochromator. The light intensity was calibrated by Hamamatsu photodiodes S2281-21 and P8079-21. The EBIC observation was done in the edge-scan configuration with a Hitachi S4200 field-emission scanning electron microscope in EBIC mode at RT. 18, 19 The acceleration voltage of electron beam V ac , was varied from 7.5 to 25 kV. Figure 1 shows a typical example of photoresponse spectra measured at RT for as-grown and annealed samples. The photocurrent is observed for photon energies greater than approximately 0.8 eV and increases sharply with increasing photon energy for both samples. The interpretation of the spectra was given in our previous paper. 16 The photoresponsivity was enhanced for the annealed sample. Similar results were obtained for other samples. In brief, the photoresponsivity was enhanced for samples annealed at temperatures such as 800 and 850°C, higher than the temperature of the crystallization zone in the CVT method ͑750-780°C͒. 16 On the other hand, the photoresponsivity was not enhanced for samples annealed at temperatures lower than the above crystallization temperature. This result shows that the annealing that exceeds the crystallization temperature is indispensable for enhancing the photoresponsivity of ␤-FeSi 2 . The improved ratio in photoresponsivity for the annealed sample relative to that for the as-grown one is also shown. The photoresponsivity was improved, in particular, for longerwavelength regions, as shown in Fig. 1 . This result suggests that the photons with lower energies penetrated deeper into the ␤-FeSi 2 crystal, and more carriers were generated and collected. In order to investigate what happened in the ␤-FeSi 2 , we performed EBIC observations.
Figures 2͑a͒ and 2͑b͒ show EBIC and secondaryelectron ͑SE͒ images around the Al contact, respectively, with V ac = 10 kV. In the EBIC method, the carriers generated within a diffusion length on the n-type ␤-FeSi 2 are collected by the electric field under the Al contact and sensed as a current in the external circuit. In Fig. 2͑a͒ , the brighter regions indicate higher collection of electron-beam-induced carriers in the ␤-FeSi 2 . On the other hand, the dark spots pointed by white arrows show surface damaged regions caused probably by a bonding wedge. Figure 2͑c͒ shows the semilogarithmic plot of EBIC line-scan data along the line AAЈ for the annealed sample. The EBIC profile shows a clear exponential dependence of distance from the Al contact. Several theoretical models have been used to extract the diffusion length by fitting the theoretical expression to the EBIC line-scan data. In this work, the diffusion length was roughly estimated to be 33 m, assuming that the EBIC profile varies as exp͑−x / L͒, where x is the distance from the Al edge ͑point A͒ along the line, and L the diffusion length of holes, that is, electron-beam-induced minority carriers in the n-type ␤-FeSi 2 . Figure 3͑a͒ shows the dependence of diffusion length on V ac for other as-grown and annealed samples. The EBIC images for these samples are shown in Figs. 3͑b͒ and 3͑c͒ , respectively. The diffusion length is less dependent on V ac for both as-grown ͑͒ and annealed samples ͑ᮀ͒ for V ac Ͼ 10 kV. We therefore speculate that the penetration depth is much smaller than the diffusion length. The penetration depth of the electron beam is estimated to be 1 m at V ac = 10 kV from the density of ␤-FeSi 2 ͑4.93 g / cm 3 ͒, 20 showing that our assumption is valid. The penetration depth at V ac = 7.5 kV is approximately 0.5 m. Thus, the decrease in diffusion length at V ac = 7.5 kV for both samples is considered to be due to surface recombination of carriers. The diffusion length of the annealed sample ͑ᮀ͒ reaches approximately 30 m at V ac = 10 kV. This value is almost the same as that for the annealed sample shown in Fig. 2 . The shape of the Al contact on the ␤-FeSi 2 is likely to affect the EBIC images; however, the diffusion length for the annealed sample is always larger than that for as-grown sample. On the basis of these results, we conclude that the higher photoresponsivity in the annealed sample, shown in Fig. 1 , is attributed to the enhanced diffusion length of holes. We think that the enhancement of diffusion length in ␤-FeSi 2 by hightemperature annealing is attributed to improvement of carrier lifetime. Even in the preliminary experimental results, it was found that the carrier lifetime obtained from the transient behavior in photoconductivity of ␤-FeSi 2 bulk crystals when excited by 1.31 m light pulse was increased after hightemperature annealing. At present, we cannot discuss values of carrier lifetime themselves because they are easily influenced by configuration of electrodes, and thus we have to pay more attention when dealing with them. However, we can say at least that even the annealing performed at temperatures higher only by 20-50°C than the crystallization temperature of the CVT method improves the crystallinity of ␤-FeSi 2 .
In conclusion, we have fabricated Al/ n-␤-FeSi 2 Schottky diode structures using single-crystalline n-type ␤-FeSi 2 by CVT, and investigated the diffusion length of hole by means of EBIC technique. The photoresponsivity of the diode was improved after high-temperature annealing. The diffusion length was increased from approximately 20 to 30 m at RT after annealing at 800°C for 8 h in vacuum.
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